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Chronic hepatitis B virus (HBV) infection is a major cause of hepatocellular carcinoma (HCC) worldwide. The pre-S, mu-
tant large HBV surface protein (A2 LHBS), which contains an in-frame deletion of approximately 17 amino acids in LHBS,
is highly associated with risks and prognoses of HBV-induced HCC. It was previously reported that A2 LHBS interacts
with the Jun activation domain-binding protein 1 (JAB1), a zinc metalloprotease. This promotes the degradation of the cell
cycle regulator p27*'*! and is believed to be the major mechanism for A2 LHBS-induced HCC. In this study, it was found
that the interaction between JAB1 and A2 LHBS is facilitated by divalent metal Zn>* ions. The binding of JAB1 to A2 LHBS
requires the JAB1/CSN5 MPN metalloenzyme (JAMM) motif and residue H138 that binds to Zn’" jons in JAB1. Isothermal
titration calorimetry showed that A2 LHBS binds directly to Zn>* ions in a two-site binding mode. Residues H71 and H116

in A2 LHBS, which also contact Zn>* ions, are also indispensable for A2 LHBS-mediated p27KiP ! degradation in human
HuH?7 cells. These results suggest that developing drugs that interrupt interactions between A2 LHBS and JAB1 can be

used to mitigate A2 LHBS-associated risks for HCC.

hronic hepatitis B virus (HBV) infection is the most impor-

tant cause of hepatocellular carcinoma (HCC) worldwide.
HBYV causes necroinflammatory liver disease of variable duration
and severity. A major portion of the viral hepatitis progresses into
liver cirrhosis and dysplasia and ultimately into HCC. HBV sur-
face antigen (HBsAg), the major component comprising the viral
envelope, is the main serum and tissue marker for the viral infec-
tion status (1). HBsAg causes sustained hepatic inflammation and
injury in the chronic phase of HBV infection and is therefore
highly associated with HCC incidence.

The HBS gene contains three in-frame gene segments: pre-S;,
pre-S,, and major (or small) S. Using different start codons but
sharing the same C terminus, the viral surface proteins include
large, middle, and major protein products. The major HBsAg
composes the majority of the viral envelope, whereas the middle
and large HBS (MHBS and LHBS), usually much less expressed,
are minor envelope proteins. LHBS and MHBS also facilitate se-
cretion of the major HBS out of the host cell. In the chronic phase
of HBV infection, the viral genome often integrates into the host
chromosome and the viral replication is downregulated (2, 3). In
this phase, LHBS is expressed predominantly among various viral
surface proteins (3). There also emerges the pre-S, mutant LHBS
(A2 LHBS) that is truncated of approximately 17 amino acids (aa)
in the N terminus of the pre-S, region of the protein and often also
contains a point mutation in the start codon of the region, which
leads to a dramatic decrease in the synthesis of MHBS (4, 5) and
potentially affects DNA polymerase activity due to overlap of the
surface and polymerase genes in the viral genome. We previously
(5-7) found that A2 LHBS contributed to the histological mor-
phology of the type IT ground glass hepatocyte (GGH) preneoplas-
tic lesions, which was characterized by the marginal HBS staining
pattern and proliferation in clusters as hepatic nodules. We re-
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cently (8) also found that the type I GGH harboring A2 LHBS was
a biomarker for tumor recurrence and worse survival of HCC
patients after hepatectomy surgery. Therefore, A2 LHBS is highly
associated with risks and prognoses of HBV-induced HCC (9, 10).

We previously (6) reported that A2 LHBS accumulates in en-
doplasmic reticulum (ER), which induces strong ER stress as well
as the associated signaling pathways. Through ER stress, A2 LHBS
induces oxidative stress, DNA damage, and mutagenesis, all of
which cause genomic instability (11, 12). It also induces the over-
expression of cell cycle regulator cyclin A and causes cell cycle
progression in the presence of DNA lesions (13). We recently (14)
found that A2 LHBS directly interacts with c-Jun activation do-
main-binding protein 1 (JAB1) and subsequently causes hyper-
phosphorylation of the tumor suppressor retinoblastoma and,
consequently, G- to S-phase cell cycle progression.

JAB1 is a key subunit of the COP9 signalosome (CSN) and acts
as a multifunctional protein associated with the signaling path-
way, cell cycle regulation, and development. JABI is oncogenic
because it promotes cell proliferation by increasing transcription
of activator protein 1 (AP-1) and stimulates cell cycle progression
by increasing the degradation of the cyclin-dependent kinase in-
hibitor p27%P! (15, 16). Therefore, this is believed to be an impor-
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tant mechanism for the A2 LHBS-induced carcinogenic process.
JABI1 interacts with a number of cellular proteins such as psoria-
sin, protease-activated receptor 2 (PAR-2) and p27Kip ' (17, 18).
The MRP1-PAD1-N-terminal (MPN) domain spanning the mid-
dle region of JAB1 is the usual interactive domain. The MPN do-
main consists of a JABI/MPN/Mov34 metalloenzyme (JAMM)
motif, which presents with a deneddylation/isopeptidase activity
(19-21). The JAMM motif displays a conserved sequence of His-
X-His-X,,-Asp motif accompanied by an upstream conserved
glutamate (22). As a metalloprotease, JAB1 relies on metals for its
enzymatic activities; however, it was not clear whether metals are
also important for JAB1 interaction with proteins or whether they
modulate JAB1 protein conformation for complex formation. In
the present study we sought to characterize the potential involve-
ment of metals in the binding between JAB1 and A2 LHBS, as well
as to identify the protein domains involved in the interaction be-
tween them.

MATERIALS AND METHODS

DNA manipulation. The pre-S, and pre-S, regions of the A2 LHBS were
PCR amplified and cloned into the Escherichia coli protein expression
vector pET21b. The pHBV1.3 plasmid, which contained the whole HBV
genome, was generously supplied by Chungming Chang at National
Health Research Institutes in Taiwan (23). The plasmid pHBV1.3/A2
LHBS, which contained A2 instead of the wild-type HBS gene, was con-
structed by deleting nucleotides (nt) 4 to 57 of the HBV genome. Internal
deletion ofaa 61 to 119 of A2 LHBS was achieved by overlapping PCRs for
the HBV genome DNA regions spanning nt 2854 to 3033 and nt 3211 to
155 and then cloned into pET21b. The A2 LHBS H28Y, H71Y, H119Y,
and H71Y H119Y point mutants were constructed by using a QuikChange
site-directed mutagenesis kit (Stratagene). The PCR primers used are
listed in Table 1. The JAB1 gene was PCR amplified and cloned into
pGEX-5X-1 glutathione S-transferase (GST) fusion plasmid vector (GE
Healthcare). The various deletion mutants of JAB1 were constructed us-
ing overlapping PCRs and then cloned into pGEX-5X-1 (Table 1). The
JAB1 HI138Y point mutant was constructed by using the site-directed
mutagenesis kit mentioned above (Table 1).

RT-PCR. Human hepatoma HuH7 cells transfected with pHBV1.3
and pHBV1.3/A2 LHBS were used for RNA extraction according to a
protocol described previously (11). The reverse transcription-PCR (RT-
PCR) protocol was also described elsewhere (14). The PCR primers used
for the various HBV genes were as follows: HBs, forward (5'-ATGGGAG
GTTGGTCATCAAAACCTC-3’) and reverse (5'-GTTCGTCACAGGGT
CCCCAGTCCTC-3'), and HBc, forward (5'-TTCAAGCCTCCAAGCT
G-3") and reverse (5'-CCGTAAAGTTTCCCACCTTAT-3").

Expression and purification of A2 LHBS and its mutant proteins. E.
coli BL21 Rosetta (DE3) strain cells carrying the A2 LHBS and its mutant
genes were grown in Luria-Bertani medium as previously described (24).
To induce gene expression, cells were treated with 1 mM IPTG (isopropyl-
B-p-thiogalactopyranoside) for 8 h at 25°C or, alternatively, for 6 h at
37°C and then centrifuged at 3,000 X g for 10 min. The cell pellets were
resuspended in lysis buffer (20 mM potassium phosphate [pH 8.0], 1 mM
phenylmethylsulfonyl fluoride, 500 mM NaCl) and then broken open
using ultrasonication. The cell lysates were centrifuged at 24,000 X g for
20 min at 4°C to remove debris, and then the clear supernatant was loaded
onto a column containing Ni-nitrilotriacetic acid (Ni-NTA) resins (GE
Healthcare) to bind to the A2 LHBS and its mutant proteins, C-terminal-
tagged with 6 XHis. After the lysates had been extensively washed with
lysis buffer containing imidazole in concentrations of 20 to 80 mM, the
6 X His-tagged proteins were eluted using a solution containing 20 mM
potassium phosphate (pH 8.0), 500 mM NaCl, and 500 mM imidazole
and then analyzed by using SDS-PAGE. The purified proteins were dia-
lyzed against the dialysis buffer (20 mM Tris-HCI [pH 8.5], 100 mM NaCl,
0.5 mM MgCl,, 0.1 mM EDTA, 10% glycerol). To remove the proteins
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TABLE 1 PCR primers used in this study

Primer
Gene Orientation®  Sequence (5'-3")
H28Y F GGGATTCTTTCCCGATTATCAGT
TGGACCCTGC
R GCAGGGTCCAACTGATAATCGGG
AAAGAATCCC
H71Y F CAGGGCTCACCCCTCCATACGGC
GCTATTTTGGGG
R CCCCAAAATACCGCCGTATGGAG
GGGTGAGCCCTG
H1l16Y F CTCTCCACCTCTAAGAGACAGTTA
TCCTCAGGCCATACAGTGG
R CCACTGTATGGCCTGAGGATAACTG

TCTCTTAGAGGTGGTGGAGAG

JAB1AJAMM F GCTACAAAAAAGTAATGGTGAT
CCTTAGTCC
R ATTACTTTTTTGTAGCAGTGGT

GATTGATCC

JAB1A1-52 F
JAB1A251-334 R

GAATTCGCAAGTACTGCAAAATC
CTCGAGCAACGTATTCACCCAGTA

H138Y F GCAATCGGGTGGTATTATAGCCA
CCCTGGCTATG
R CATAGCCAGGGTGGCTATAATACCA
CCCGATTGC

“ F, forward; R, reverse.

and ions that had nonspecifically bound to the Ni-NTA resins, proteins
were passed through a column (DEAE Sepharose FF; GE Healthcare) and
quantified using the Bradford method (Bio-Rad) and SDS-PAGE (24).

Expression and purification of the GST fusion proteins. JAB1 and its
mutant genes, fused to GST, were transformed into E. coli BL21 Rosetta
(DE3) cells and then grown to mid-log phase. Protein expression was
induced using 0.1 mM IPTG for 8 hat 25°C. The GST fusion proteins were
purified using a protocol previously described (25, 26). Briefly, cells were
pelleted and then resuspended in phosphate-buffered saline (pH 7.4) con-
taining 5% N-lauroylsarcosine and 1% (vol/vol) Triton X-100. The cells
were broken by using a sonicator. After the cells had been centrifuged at
24,000 X gat4°C for 20 min to remove the cell debris, the supernatant was
loaded onto a column containing glutathione-agarose beads (GE Health-
care). The beads in the column were extensively washed with phosphate-
buffered saline (PBS; pH 7.4) and then eluted with a buffer containing 50
mM Tris-HCI (pH 8.0) and 20 mM reduced glutathione.

In vitro GST pulldown assays. JABI and its mutants, fused to GST,
and the A2 LHBS and its mutants, 50 pmol each, were mixed with 30 .l of
glutathione-agarose beads and then incubated in assay buffer (150 mM
NaCl, 20 mM HEPES [pH 8.0], 0.1% Tween 20, 10% glycerol, 1 X pro-
tease inhibitor cocktail [Roche], and various concentrations of ZnCl,) for
4 h at 4°C. After the incubation, the beads were extensively washed with
assay buffer. The bound proteins were analyzed by using Western blotting
with rabbit antibody that recognizes LHBS or mouse antibody that recog-
nizes 6 X His.

Coimmunoprecipitation assays. For in vitro assays using E. coli re-
combinant proteins, JAB1 and its mutants fused to GST, as well as A2
LHBS and its mutants, 50 pmol each, were incubated overnight at 4°C in
assay buffer with protein G-beads (GE Healthcare) and rabbit anti-LHBS
antibody or mouse anti-JAB1 antibody. The next day, the beads were
extensively washed with assay buffer. The proteins bound to beads were
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analyzed using SDS-PAGE and then by using Western blotting with anti-
bodies that recognize JAB1 (Becton Dickinson Biosciences), LHBS, or
6XHis. For coimmunoprecipitation assays using cell lysates of human
hepatocytes, we followed a protocol previously described (14). Cell lysates
of the hepatoma HuH?7 cells stably expressing the wild-type and A2 LHBS
or its mutants were mixed with the coimmunoprecipitation solution in
the presence of 20 uM ZnCl, and then analyzed by Western blotting. To
detect the binding of JAB1 with A2 LHBS in the context of whole HBV
genome, HuH7 cells were transfected with pHBV1.3 or pHBV1.3/
A2LHBS then applied to the coimmunoprecipitation assays following the
protocol described above. The antibodies used were mouse monoclonal
anti-hemagglutinin (Sigma-Aldrich), anti-JAB1 and anti-p27*"" (Santa
Cruz Biotechnology), anti-LHBS (clone 7H11, generously provided by C.
Zhang, Xiamen University, China), and rabbit anti-HBS and anti-GST
antibodies (Abcam).

Immunofluorescence assays. HuH7 cells transfected with the wild-
type and A2 LHBS or its H71Y/H116Y double mutant genes were grown
on glass coverslips. After harvest, cells were fixed with 4% formaldehyde
then washed with PBS (pH 7.4). The cells were then incubated with mouse
anti-JAB1 (BD Biosciences) and rabbit anti-HA antibodies (Covance) for
1 h at room temperature. The secondary monoclonal anti-mouse anti-
body conjugated with Alexa 488 and anti-rabbit antibody conjugated with
Alexa 594 fluorescent dyes (Molecular Probes) were then incubated with
cells for 1 h. After the reactions, the coverslips were mounted with Prolong
Gold Anti-Fade with DAPI (Invitrogen) and then observed by Leica
LSM510 META confocal microscopy. The relative levels of JAB1 colocal-
ized with LHBS in the same cells were quantified by using the FUJI signal
quantification software.

Protein binding analysis using surface plasmon resonance. Protein
binding affinities of A2 LHBS and its mutants, and GST-JAB1 and its
mutants, were analyzed using surface plasmon resonance (SPR) spec-
trometry (Biacore 3000; GE Healthcare) according to a previously de-
scribed protocol (27). The binding buffer, which contained 10 mM
HEPES (pH 7.4), 150 mM NaCl, and 0.005% Tween 20, was incubated in
0.4% Chelex 100 (Bio-Rad) overnight at 4°C to chelate divalent ions. To
detect zinc ion-dependent binding between A2 LHBS and JAB1, ZnCl, in
various concentrations was added to the metal-chelated buffer. GST-JAB1
was immobilized using an amine coupling kit with a CM4 sensor chip (GE
Healthcare). After the immobilization, A2 LHBS or its mutants in various
concentrations was injected into the sensor chip at 20 pl/min for 4 min at
25°C to detect the A2 LHBS-JABI1 association. After that, dissociation
between the two proteins was monitored for 4 min. The sensor chip sur-
face was regenerated using a pulse injection of 1 M NaCl and 50 mM
EDTA (pH 7.4) after each use. Kinetic constants for the association and
dissociation of A2 LHBS and JAB1 were then calculated (BIAevaluation
software; GE Healthcare).

ITC analysis. After elution from the Ni-NTA column, the A2 LHBS
and its H71Y/H116Y double mutant were dialyzed overnight against a
buffer containing 20 mM Tris-HCI (pH 8.5), 100 mM NaCl, 5 mM EDTA,
and 10% glycerol. A second dialysis step was included to reduce the ionic
strength of the buffer against 20 mM Tris-HCI (pH 8.5) and 10% glycerol
for an additional 4 h. The low-salt-containing proteins were passed
through a Resource Q column (GE HealthCare) and then through a Su-
perdex 75 column (GE HealthCare) for further purification. The purified
proteins were concentrated and dialyzed overnight against the buffer con-
taining 50 mM HEPES (pH 6.5) and 50 mM NaCl. To ensure saturation
for binding studies, ZnCl, was dissolved in the same buffer, with a molar
ratio of 10:1 to 20:1 for ZnCl, to the dialyzed proteins. Protein concentra-
tion was determined by absorbance measurement using a molar extinc-
tion coefficient of 27,500 M~ ' cm ™! for A2 LHBS and the H71Y/H116Y
double mutant, respectively. Both ZnCl, solution and proteins were de-
gassed for 5 min before titrations. Isothermal titration calorimetry (ITC)
experiments were done at 20°C in a MicroCal (Northampton, MA) VP-
ITC microcalorimeter. A Zn>* ion-binding study was performed in the
reaction chamber with 1.8 ml of 83.6 uM A2 LHBS and 1672 uM ZnCl, in
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FIG 1 Metal ion-dependent protein binding of A2 LHBS protein with JABI.
(A) interactions between the recombinant A2 LHBS (50 pM) and JAB1 fused
to GST (50 pM) in the presence of various metal ions (20 pM), detected using
in vitro GST pulldown assays. The pull-down fractions were probed, using
Western blotting (WB), for 6 X His tags fused to A2 LHBS GST and 6 X His with
rabbit anti-GST and mouse anti-6XHis antibodies, respectively. EDTA (5
mM) was added to the binding solution to chelate the divalent metal ions. (B)
Coimmunoprecipitation assays were performed to detect the Zn>" ion-depen-
dent protein binding of A2 LHBS and JABI1 E. coli recombinant proteins. A
rabbit anti-LHBS antibody was used to immunoprecipitate A2 LHBS in the
presence or absence of Zn>" ions (20 uM). JAB1 in the immunoprecipitant
was detected by using Western blotting (WB) with a mouse anti-JABI1 anti-
body. (C and D) Titrations of the Zn** (C) and Ni** (D) ions in the binding
of A2 LHBS protein with JAB1, detected using in vitro GST pulldown assays,
followed by Western blotting with antibodies that recognize 6XHis (top
panel) and GST (bottom panel).

the titration syringe using an injection increment of 6 pl. The A2 LHBS
H71Y/H116Y double mutant was also titrated in a similar fashion using
1.8 ml of 81.3 wM in the reaction chamber and 813 uM ZnCl, in a syringe
by using an injection volume of 10-pl. The titration intervals were every 3
min with a stirring rate was 307 min~". The binding data were analyzed
(Origin7.0; OriginLab Corp.). Two sets of binding sites were used as a
model to obtain the best fitting parameters.

RESULTS

Divalent ion-mediated interaction between JAB1 and A2 LHBS.
We tested binding affinities between JAB1 and A2 LHBS E. coli
recombinant proteins using GST pulldown assays. Their interac-
tion was found greatly increased by Zn>" and mildly increased by
Ni** ions (20 WM each) but not by the same concentration of
Co*", Mn>", Mg*", or Ca®" ions (Fig. 1A). In the presence of
EDTA, a divalent cation chelator, the Zn?" ion-mediated interac-
tion was abolished, which indicated that it was a metal ion-medi-
ated reaction (Fig. 1A). The results of the coimmunoprecipitation
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FIG 2 Binding analysis of A2 LHBS with JAB1 in the presence of different metal ions. (A) Surface plasmon resonance analysis to measure the binding affinities
of A2 LHBS with JABI in the presence of 20 .M Zn>" (A) and Ni*" ions (B). A2 LHBS in the indicated concentrations was injected onto the sensor chip on which
JABI had been immobilized. Reactions of the protein association and dissociation were monitored for 4 min. RU, response unit.

assays also showed that JAB1 and A2 LHBS E. coli recombinant
proteins interact in a Zn** ion-dependent manner (Fig. 1B).

To detect the ion dependencies of the JAB1-A2 LHBS binding,
Zn*" and Ni** ions in various concentrations were used for the
GST pulldown experiments. A dose of Zn>* ions as low as 20 uM
stimulated interaction between the two proteins, and a dose of 200
uM Ni** ions was required for an equivalent stimulatory effect
(Fig. 1C and D). This suggests that Zn>" ions increase binding
affinities between JABI and A2 LHBS more efficiently than Ni*"
ions do. The binding affinities between JAB1 and A2 LHBS were
measured using SPR spectrometry in the presence of 20 uM Zn>*
and 20 pM Ni*" ions (Fig. 2). The calculated K values in the
presence of 20 uM Zn** and Ni*" ions were 80 nM and 18.2 pM,
respectively (Table 2). These data demonstrated that Zn** and, to
alesser extent, Ni*" ions promote the protein interaction between
JABI and A2 LHBS.

Involvement of the JAB1 JAMM/MPN™ domain in binding
to A2 LHBS. Serial deletion mutants of JAB1, fused to GST, were
constructed to study the essential region for its binding to A2
LHBS (Fig. 3A). The A2 LHBS and various GST-JABI mutant
proteins were purified to near homogeneity (Fig. 3B, bottom
panel) and then used for the GST pulldown assays. The results
showed that because of the deletion of the JAMM/MPN™" domain,
JABI lost its ability to bind with A2 LHBS (Fig. 3B, top panel),
which suggested that the JAMM/MPN ™ domain, known to inter-
act with several different proteins, is involved in the protein bind-
ing to A2 LHBS.

Histidine is prone to bind to Zn>* ions. To test whether
histidine mediates the binding between JAB1 and A2 LHBS, the
H138 residue in the JAMM/MPN" domain was mutated to
tyrosine for analysis. The results of the GST pulldown assays
found that the JAB1 H138Y mutant lost most of its binding

activity to A2 LHBS (Fig. 3C), which suggested that JAB1 H138
residue was important for the 7Zn?" jon-mediated JAB1-A2
LHBS binding.

Involvement of A2 LHBS H71 and H116 residues in binding
to JAB1. We recently found that the region fromaa 61 to 119in A2
LHBS was involved in its interaction with JABI in in vitro-cul-
tured human cells (28). Here, the GST pulldown assays using the
E. coli recombinant proteins showed that the A2 LHBS deletion
mutant, truncated from aa 61 to 119 (A2 LHBS/A61-119), lost its
ability to bind with JAB1 (Fig. 4A). The binding affinities between
JABI and A2 LHBS/A61-119 were measured using SPR spectrom-
etry in the presence of 20 WM Zn”* ions. The calculated K, (equi-
librium dissociation constant) value was 1.08 pM, ~16 times
higher than that between JAB1 and A2 LHBS (Fig. 4B and Table
2). This indicates that the region from aa 61 to 119 in A2 LHBS is
required for its binding with JAB1.

To identify which histidine residues in the region from aa 61 to
119 in A2 LHBS were required for the protein binding with JAB1,
we mutated H71 and H116, the two conserved histidines in the
region (Fig. 5A). The results of the GST pulldown assays showed
that both of the A2 LHBS H71Y and H116Y mutants dramatically
lost their ability to bind with JAB1, and the H71Y/H116Y double
mutant showed no detectable level of its binding to JAB1; how-
ever, the binding of the H28Y mutation outside the region from aa
61 to 119 with JAB1 was not affected (Fig. 5B). The binding affin-
ities detected using SPR spectrometry showed that the calculated
Kp, values between JAB1 and A2 LHBS and its mutants H71Y and
HI116Y, and the H71Y/H116Y double mutant, were approxi-
mately 0.1, 0.3,0.7, and 2.0 wM, respectively (Table 3). The H71Y/
H116Y double mutant had a K, value 19 times higher than that of
A2 LHBS, which indicated that both the H71 and H116 residues

TABLE 2 Kinetic constants of protein interaction between JABI and the full-length and A61-119 A2 LHBS in the presence of Zn** and Ni*" ions

Mean = SEM
A2 LHBS Metal ion (20 uM) koo M71s7h) ko (s™1) K, (M)
Full length Ni?* (5.92 = 0.14) X 10* (1.08 = 0.09) X 1072 (1.82 £ 0.10) X 1072
Zn** (1.44 *= 0.07) X 10° (1.17 = 0.03) X 102 (8.09 = 0.60) X 10~®
A61-119 Zn** (8.32 +0.87) X 10° (8.95 = 0.70) X 10~ (1.08 = 0.11) X 10~°
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FIG 3 Requirement of JAMM domain of JAB1 for its binding with A2 LHBS in the presence of Zn>" ions. (A) Schematic representations showing the partial
deletion constructs of JAB1 used in the present study. The wild-type (FL) and mutant JABI proteins (A1-52, A251-334, and AJAMM) were N-terminal fused to
GST. (B) GST pulldown assays to detect the binding of A2 LHBS to JABI in the presence of (2 uM, + Zn>") or absence of Zn*" ions, followed with Western
blotting (WB) with antibodies that recognize GST (top panel) and LHBS (middle panel). The bottom panel shows the input amounts of the JABI1 proteins to the
GST pull-down reactions, detected by using Coomassie blue staining. (C) Protein binding of A2 LHBS to JAB1 and its H138Y mutant in the presence of Zn>"
ions, detected by using GST pulldown assays, followed by WB to detect LHBS (top panel) and GST (bottom panel).

were important in the protein binding with JAB1 and that they
work synergistically in the binding process.

Zn** ion-dependent JAB1-A2 LHBS association in human
cell lysates. We previously found that A2 LHBS accumulated in
ER lumen, where it interacted with JAB1 (14). Because A2 LHBS
H71 and H116 and JAB1 H138 residues were required for the
interaction between the two proteins expressed in E. coli, we hy-
pothesized that in human cells the JAB1-A2 LHBS binding is fa-
cilitated by zinc in physiological concentrations, known to be a
few hundred micromolar in a typical eukaryotic cell (29, 30). By
coimmunoprecipitation analyses in the presence of 5 to 20 uM
Zn’" ions, we confirmed the binding of JAB1 with A2 LHBS in cell
lysates of the human hepatoma HuH7 cells carrying A2 but not the
wild-type LHBS expressed alone (Fig. 6A) or in the context of the
whole HBV genome (Fig. 6B and C). This finding suggested that
JABI was associated with A2 LHBS expressed from the viral ge-
nome in the host hepatocytes. This interaction was promoted by
Zn*" ions in a dose-dependent manner, because it increased,
along with the elevations of zinc concentrations, and was nearly
completely abolished with the addition of the metal chelator
EDTA (Fig. 6C). By coimmunofluorescence and confocal micro-
copy analyses, we also found JAB1 colocalized with A2 LHBS
much more than with wild type and the H71Y/H116Y double
mutant (Fig. 6D), a finding which suggested that Zn>" ions are
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involved in the specific interaction between JAB1 and A2 LHBS in
hepatocytes, probably in the ER lumen (data not shown), where
A2 LHBS has been reported to reside (6). Interestingly, we also
found that the A2 LHBS H71Y and H116Y mutants and the H71Y/
H116Y double mutant had significantly weaker protein associa-
tions with JAB1 than did A2 LHBS (Fig. 6E). Our previous studies
(14, 28) showed that binding of JAB1 to A2 LHBS caused degra-
dation of the cyclin-dependent kinase inhibitor p27"', which
resulted in G- to S-phase cell cycle progression. Here, we also
found that indeed all three histidine mutants no longer caused
p275%P! decrease as A2 LHBS did (Fig. 6F). Taken together, these
data indicated that Zn*>* ions facilitate the binding of A2 LHBS
with JAB1 and that H71 and H116 residues are the two key resi-
dues in the protein for this binding, which induced p27"" deg-
radation in human HuH?7 cells.

Direct binding of A2 LHBS to Zn>* ions (ITC analysis). To
clarify the nature of Zn** ion binding to A2 LHBS, we directly
measured Zn*>* ion binding to A2 LHBS and its H71Y/H116Y
double mutant variant using ITC analysis. There were two Zn**
binding sites on the A2 LHBS. The K, for one binding site (site 1)
was 81.32 nM, which represents the strong binding site, which
produced an exothermic reaction (AH = —1,555 cal/mol),
whereas the second metal-binding site (site 2) had a K, of 64.54
M, representing weak binding, which produced an endothermic
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FIG 4 Requirement of the region from aa 61 to 119 of A2 LHBS for its binding
to JABI. (A) GST pulldown assays to detect the binding of JABI to A2 LHBS
(FL) and its A61-119 mutant (A61-119), followed by Western blotting (WB)
with antibodies that recognize LHBS and JAB1. The FL and A61-119 lanes
were originally run in one gel but not next to each other. To show this, a dotted
dividing line was placed between two lanes. (C) Surface plasmon resonance
analysis to measure binding affinities of GST-JAB1 with various concentra-
tions of the A2 LHBS A61-119 mutant in the presence of 20 uM Zn** ions. The
kinetic constants of protein interaction are shown at the bottom of the curve
analysis.

60 70,

A 1

TABLE 3 Binding affinities of A2 LHBS and its mutants to JAB1 in the
presence of Zn>* ions

A2 LHBS or mutant

Mean K, (M) £ SEM

A2 LHBS (8.09 + 0.60) X 10~®
A2 LHBS/A61-119 (1.08 £ 0.11) X 10~°
A2 LHBS/H71Y,H116Y (1.96 + 0.77) X 10~¢
(
(

A2 LHBS/H71Y 2,98 = 0.31) X 1077
A2 LHBS/H116Y 6.54 + 0.15) X 10~

reaction (AH = +2,774 cal/mol) (Table 4). These two different
isothermal patterns suggested that the A2 LHBS protein contains
two types of bound Zn”* ions: one strong and the other weak. In
contrast, when Zn>" ions were titrated into the H71Y/H116Y
double mutant of A2 LHBS, the exothermic reaction was sig-
nificantly reduced or in some cases eliminated, and mostly the
endothermic reaction was observed. The weak endothermic
binding reaction remained (AH = +3,813 cal/mol) and pro-
duced a K, of 17.73 wM. Representative binding isotherms for
both the A2 LHBS and its double mutant reacting with Zn**
ionare shown in Fig. 7. These ITC results demonstrated that A2
LHBS alone can bind with Zn** ions and with high affinity. The
amino acid side chains for H71 and H116 residues would ap-
pear to maximize the binding of Zn*" ions to the A2 LHBS
protein.

DISCUSSION

We found that Zn** ions mediated an interaction between A2
LHBS and JABLI in vitro and in vivo. Among all of the other diva-
lent ions tested, the Ni** ion, but not others, promoted a mild or
higher binding between A2 LHBS and JAB1, which indicated that
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FIG 5 Requirement of the H71 and H116 residues of A2 LHBS for its binding to JABI. (A) Sequence alignment to compare the pre-S, region from aa 61 to 119
of LHBS in various HBV genotypes. The GenBank accession number (gi) for each protein sequence is shown following the genotype. The conserved and identical
amino acid residues among various genotypes are shaded. The conserved H71 and H116 residues are shaded and marked. (B) GST pulldown assays to detect the
binding of GST-JABI to A2 LHBS and its mutants H28Y, H71Y, and H116Y and to the H71Y/H116Y double mutant, followed by Western blotting (WB) with
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FIG 6 Zn*" ion-dependent JAB1-A2 LHBS association in human cell lysates. (A) The wild-type (W) and A2 LHBS stably expressed in HuH7 cells were
immunoprecipitated in the presence of 20 uM Zn>" ions with an antibody that recognizes hemagglutinin (HA) tagged to LHBS. The immunoprecipitants were
probed, using Western blotting (WB), with antibodies that recognize HA and JAB1. V, cells containing the gene expression vector pQCXIP. (B) Expression of
HBs and HBc RNA and proteins in HuH7 cells transfected with pHBV 1.3 (W), pHBV1.3/A2LHBS (A2), or the vector control (V) by RT-PCR, Northern blotting
(with digoxigenin-labeled HBx gene as a probe), and Western blotting. In Western blotting, the HBS proteins were detected with two different antibodies: the
total HBS and LHBS alone were detected using the antibodies recognizing the major S and the pre-S1 regions, respectively. (C) Coimmunoprecipitation assays
were performed to detect the association of JAB1 with the wild-type and A2 LHBS in HuH?7 cells transfected with pHBV1.3 (W), pHBV1.3/A2LHBS (A2), or the
vector control (V) in the presence of 5, 10, and 20 pM Zn*>" ions and EDTA (1 mM). The mouse monoclonal antibody recognizing the pre-S1 region of LHBS
was used to immunoprecipitate the LHBS-associated protein complex, which was then analyzed by Western blotting (WB). The levels of JAB1 immunoprecipi-
tated with LHBS from at least three experiments were quantified, as shown as a bar chart below the WB images. (D) Coimmunofluorescence assays were
performed to detect the localizations of JAB1 with the wild-type (WT) and A2 LHBS (A2) or its H71Y/H116Y double mutant (A2 H71Y/H116Y). The bar chart
below the cell images indicates the relative JAB1 levels colocalized with LHBS, detected in at least three independent experiments. ¥, P < 0.05. (E) Coimmuno-
precipitation assays were performed to detect the association of JAB1 with A2 LHBS and its H71Y and H116Y mutants and the H71Y/H116Y double mutant,
using the same method as described for panel A. (F) Levels of p275"" affected by the wild-type and A2 LHBS and its respective mutants, detected using WB. HA
and JAB1, WB shows the levels of LHBS-HA and endogenous JAB1. Tubulin was the loading control.

TABLE 4 Binding affinities and isothermal properties of Zn*" ions to

T . . 24
A2 LHBS and its H71Y/H116Y double mutant (ITC) analysis the binding is highly preferentially activated by Zn*" and, to a

lesser degree, Ni** ions. The protein-protein binding affinity in

A2 LHBS or Site 1 Site 2 the presence of the Zn”>* ion was relatively high (K, = 80 nM),
mutant K, (M)  AH (cal/mol) K, (nM) AH (cal/mol) ~ which indicates that this binding was strong. The interactive
A2 LHBS 31 1,555 64 +2,774 domain on each protein was also identified. The histidine residues
A2 LHBS/H71Y, ND* ND 17 +3,813 essential for Zn>* ion-mediated protein-protein binding were

H116Y found on both A2 LHBS and JAB1, which suggested that they both
“ND, not determined. directly bind to the Zn** ion. ITC analysis also showed that A2
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FIG 7 ITC analysis of ZnCl, binding to A2 LHBS and its H71Y/H116Y double mutant. The raw heat change data for each injection from ITC analysis of Zn>"
binding to A2 LHBS (A) and Zn>* binding to the H71Y/H116Y double mutant of A2 LHBS (B) are presented.

LHBS directly binds to the Zn>* ion at two sites; the binding at
one site was strong, which indicated that A2 LHBS binds to the
Zn>" ions with high affinity and independently of JAB1. The Zn**
ion is known to induce the structural reorganization of some pro-
teins and affect their intra- and intermolecular binding affinities
(31, 32). Therefore, the Zn>* ion might have acted as a metal
ligand to modulate conformations of both proteins and stimulate
formation of the complex. The residues involved in the binding
were essential for A2 LHBS-induced functional activation of
JABI1: p27Kip ! degradation in human cells, which indicates that the
Zn*" ion-mediated A2 LHBS-JAB1 interaction plays a physiolog-
ical role in A2 LHBS-induced cellular effects. Previous studies
have reported that the total zinc concentrations in most eukary-
otic cells are a few hundred micromolar (29, 30). In addition, the
vast majority of cytosolic zinc is buffered by the numerous metal-
binding proteins. Given the highly dynamic association of zinc
with metalloproteins, the physiological concentration of the free
form of Zn** ions in human cells is almost impossible to be pre-
cisely defined. Thus, in most of the experiments performed here
we examined the JAB1-A2 LHBS binding in the presence of 20 pM
Zn>" ions to elaborate the effect of zinc to it. Given that this Zn**
ion concentration was much lower than the physiological total
zinc amount in a normal cell, it was believed to be able to provide
relevant information for the physiological role of Zn>" ions in
cells.

We also found that the JAB1 JAMM domain, which contains a
putative metal-binding motif (EX, HS/THX,SXXD), was essential
for its binding to A2 LHBS (22). H138 residue on the motif was
essential for this binding activity, which supports the notion that
the Zn>* ion’s binding to the JAB1 JAMM motif is crucial for the
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interaction between the two proteins. Thus far, the X-ray struc-
ture of the archaebacterial protein AfJAMM, a eukaryotic JAMM
ortholog, has been solved, and it has been shown (22) that the
Zn*" ion-binding site of AfJAMM is located in a furrow formed by
the convex surface of the 32-B4 sheet and a2 helix. The catalytic
Zn*" ion has a tetrahedral coordination sphere with ligands pro-
vided by H67 and H69 on 34, D80 on o2, and a water molecule.
Interestingly, the human JAB1 H138 residue, essential for A2
LHBS binding, is equivalent to the AfJAMM H67 residue, a ligand
for the Zn>* ion (22). Therefore, the Zn>* ion’s binding to the
JAB1 H138 residue might have induced a metal ion-dependent
conformational change of the protein and made it accessible to A2
LHBS. Our preliminary data found that the Zn*" ion also greatly
increased the binding of JAB1 to MIF1 (data not shown), which is
known to form a complex with JAB1, suggesting that the Zn*>* ion
is important for maintaining JAB1 structure for the formation of
the complex associated with it.

In the present study the direct binding of Zn** ions with A2
LHBS protein was clearly demonstrated using ITC analysis. The
binding pattern fits into a two-site binding model, with one site
binding to Zn>" ions much more strongly than the other site (81
nM versus 64 wM). Interestingly, the H71 and H116 residues are
required for the stronger binding rather than the weaker one,
which implies that Zn>" ions bind to these two residues to facili-
tate the protein conformation of A2 LHBS, in E. coli and probably
also human cells, the natural HBV host in physiological concen-
trations of Zn>" ions. Thus, how the Zn>" ion regulates the A2
LHBS-induced pro-oncogenic effects, such as distorting cell cycle
checkpoints and inducing oxidative DNA damage, is an impor-
tant question to be addressed (11, 13, 14). Also, the physiological
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role of the second, i.e., weak, Zn>" ion-binding to A2 LHBS re-
mains to be clarified in order to gain a complete picture of the
Zn>" binding properties of the protein and the carcinogenic path-
ways associated with it.

The Zn*" ion was reported (33) to be involved in viral particle
assembly through tetrahedral coordination with viral proteins. It
was found to trigger conformational change and oligomerization
of HBV capsid protein. It was also found that micromolar concen-
trations of Zn*" ions are sufficient to initiate the assembly of HBV
capsid protein, whereas other divalent cations elicited assembly
only at millimolar concentrations, which suggests a specific and
selective binding of Zn>" ions. Zn>" ion-induced HBV assembly
was found to be an allosterically regulated process: ligand binding
at one site influenced binding at other sites, which indicated that
binding was associated with conformational change and that
binding of the ligand altered the biological activity of assembly
(33). In addition to the Zn*" ion, which showed a strong stimu-
latory effect for HBV assembly, the Ni** ion, another divalent ion
with preferential tetrahedral coordination, showed a moderate ef-
fect (33). This was consistent with our finding that the Ni*" ion
presented with a moderate stimulating effect for A2 LHBS-JAB1
binding. Therefore, the metal tetrahedral coordination property is
believed to be involved in the binding of the two proteins.

Using yeast two-hybrid and in vivo coimmunoprecipitation
approaches, we recently found (28) that A2 LHBS, but not the
wild-type, interacted with JAB1 through the region from aa 61 to
119, the C-terminal region of the pre-S, domain. Here we dug
down to identify the key histidine residues in this region required
for the binding and found that the H71 and H116 residues in this
region were indeed the indispensable ones. The rationale for the
specific binding of A2 LHBS to JAB1 through this domain remains
to be clarified. Thus, we hypothesize that the 17-residue deletion
in the pre-S, domain of A2 LHBS causes a protein structural
change, one which likely allows the domain spanning from aa 61
to 119 to be presented at the surface of the molecule and becomes
accessible for protein-protein interaction. Our preliminary data
showed that the wild-type and A2 LHBS E. coli recombinant pro-
teins presented with different solubilities in the same solvent (data
not shown), which implied that they were in distinct conforma-
tion; however, their structural characterizations must be investi-
gated before a conclusion can be drawn.

JABI is a zinc-associated metalloprotease with isopeptidase ac-
tivity that presents with deubiquitination and deneddylation
properties (19-21). The substrate protein catalyzed by the isopep-
tidase activity of JAB1 is not yet clear. Thus, the finding that its
association with A2 LHBS was stimulated by Zn>* ions has raised
the possibility that activation of its protease promotes the assem-
bly of the protein complex. There are many examples of this type
of protein interacting with and inducing conformational changes
of their substrates (34-39). Interestingly, two putative ubiquitina-
tion sites were identified in A2 LHBS, which suggested the hypoth-
esis that A2 LHBS undergoes deubiquitination processes catalyzed
by JAB1. Further experiments to identify the ubiquitination sites
on the LHBS are under way to explore this mechanism.

In summary, we identified here a Zn** ion-mediated protein
interaction between A2 LHBS and JABI. This is the first report of
binding analysis for the formation of the A2 LHBS-associated pro-
tein complex, showing protein-protein communication between
an oncogenic viral protein and a host factor in viral infection.
Potential approaches to disrupt this complex using zinc-binding
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inhibitors such as matrix metalloprotease inhibitors, commonly
used in cancer treatments, should greatly reduce the effect of A2
LHBS on p27%" stability and ameliorate the oncogenic process
contributed by A2 LHBS.
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